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| INTRODUCTION
Venous thromboembolism (VTE) in children is associated with considerable morbidity and mortality. 1 The overall annual incidence of VTE in the pediatric population is approximately 0.07-0.14 events per 10 000 children, but this number is increasing, 2-4 which may be explained by improved detection of previously undiagnosed cases, increased awareness of VTE in children in pediatric hospitals, more frequent use of central venous lines (which is the most common risk factor for VTE in younger children), and improved survival from previously fatal conditions. 4, 5 The current standard of care (SOC) in pediatric VTE is initial treatment with unfractionated heparin (UFH) or low-molecularweight heparin (LMWH), then followed by LMWH or vitamin K antagonists (VKA). [6] [7] [8] However, all of these agents have limitations;
LMWH, for example, is administered by subcutaneous injection, which may be a burden for both children and caregivers, whereas
VKAs require coagulation monitoring, and are associated with drugdrug and drug-food interactions, which hamper the time within the therapeutic target range. 5, 6, 8 Treatment recommendations for children are similar to those for adults and are based on extrapolation of data from adult clinical trials. 8 Nevertheless, there are important differences to consider with regard to VTE epidemiology and management in adults and children (especially in very young children). First, unlike in adults, VTEs in children usually occur secondarily to another identifiable risk factor, most commonly the presence of a central venous line, particularly in neonates and infants. Other risk factors include underlying conditions such as cancer or congenital heart disease. 2, 8, 9 Second, there are age-related differences in the hemostatic and coagulation systems that affect the pathophysiology of thrombosis and the effects of anticoagulant treatments. 7, 8, 10 Finally, distribution, binding, and clearance of drugs can all be affected by age; for example, when dosing renally excreted drugs in children, kidney maturation must be considered. 8, 11 Given these differences, application of adult treatment recommendations to children may be inappropriate.
Consequently, it is necessary to conduct pharmacologic evaluations of anticoagulants, specifically in pediatric patients. 7, 10 The direct thrombin inhibitor dabigatran, which is orally administered as the prodrug dabigatran etexilate (DE), 12 has demonstrated efficacy and safety in adults with VTE and may overcome some of the limitations associated with current SOC (UFH, LMWH, and VKA). [12] [13] [14] In addition, the mechanism of action of DE is independent of endogenous thrombin, levels of which are physiologically lower in children Results: There will be two coprimary endpoints: a composite efficacy endpoint comprising the proportion of patients with complete thrombus resolution, freedom from recurrent VTE and VTE-related mortality, and a safety endpoint: freedom from major bleeding events.
Conclusion:
Findings will provide valuable information regarding the efficacy and safety of DE for the treatment of pediatric VTE. ClinicalTrials.gov registration number: NCT01895777.
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Essentials
• Current standard of care (SOC) for pediatric venous thromboembolism (VTE) has limitations.
• Dabigatran etexilate (DE) versus SOC will be studied in children with VTE in a phase IIb/III trial.
• A dosing algorithm for DE in children will be assessed guiding dosing.
• Valuable data on the safety and efficacy of DE for VTE in children will be obtained.
than adults, thus offering a potential benefit over UFH/LMWH, which act by directly binding antithrombin. 6 To date, findings from studies conducted in children and adolescents are comparable to those seen in adults in terms of safety and pharmacokinetic (PK)/pharmacodynamic (PD) relationships (Table 1) . [15] [16] [17] Moreover, because dabigatran is predominately excreted renally, 18 dosing according to renal function may lead to comparable exposure between adults and pediatric patients. 19 
| OBJEC TIVE
The objective of the current manuscript is to describe the rationale and design of a study, the aim of which is to evaluate the appropriateness of a proposed DE dosing algorithm in pediatric patients aged between 0 and <18 years and to assess the safety and efficacy of DE versus SOC for the treatment of VTE in this patient group.
| MATERIAL S AND ME THODS
This is a phase IIb/III, noninferiority, open-label, randomized, parallelgroup study that will be conducted in ~100 sites in ~30 countries.
The trial is sponsored by Boehringer Ingelheim. An independent data monitoring committee (DMC) will assess the safety, tolerability, and efficacy, and will provide recommendations to the sponsor regarding continuation, modification, or termination of the study. A central independent adjudication committee, which will be blinded to treatment groups, will evaluate all elements of the coprimary endpoints and confirm or refute outcome events. Scientific leadership regarding study design and conduct will be provided by a steering committee. The administrative structure of the trial is shown in Figure 1 .
The target population will comprise male and female patients aged 0-17 years with an objectively confirmed diagnosis of VTE (eg, deep vein thrombosis, pulmonary embolism, and/or cerebral venous sinus thrombosis). Individuals who have received initial parenteral treatment with UFH or LMWH for a minimum of 5 days (usually 5-7 days and no longer than 21 days) and who are expected to require anticoagulation therapy for at least 3 months (including an initial parenteral phase) will be eligible for study inclusion. A list of all inclusion and exclusion criteria is provided in Table 2 .
Patients will be stratified into three age groups: stratum 1 (12 to <18 years), stratum 2 (2 to <12 years), and stratum 3 (birth to <2 years); recruitment will begin in stratum 1 then proceed to strata 2 and 3 based on recommendations from the DMC. The study will Phase IIa trial to assess the safety, PK, and PD of DE capsules bid for 3 days after standard anticoagulant therapy for treatment of primary VTE. Patients initially received 1.71 (±10%) mg/kg (80% of a 150 mg/70 kg bid adult dose), followed by 2.14 (±10%) mg/kg (target adult dose adjusted for patient's weight).
12-<18 years (n = 9) DE was generally well tolerated apart from two cases of mild dyspepsia. The PK/PD relationship was comparable to that seen in adults; the relationship between dabigatran plasma concentration was linear for dTT and ECT and nonlinear for aPTT.
NCT01083732 15
Phase IIa study to assess PK, PD, safety, and tolerability of a single dose of an oral solution of DE, following standard anticoagulant therapy for treatment of VTE. DE was administered at a weight-and age-adjusted dose (calculated using a nomogram) equivalent to 150 mg bid in adults.
1-<12 years: Two groups: 1-<2 years (n = 6); 2-<12 years (n = 12)
The projected steady-state dabigatran trough concentrations were largely comparable to those seen in adult patients. 12 A linear PK/ PD relationship was observed for ECT and dTT; nonlinear relationships were seen for aPTT; PK/PD relationships were comparable to those in adults and adolescents. The oral solution of DE was well tolerated.
NCT02223260 17
Phase IIa study to assess PK, PD, safety, and tolerability of a single dose of DE oral solution (based on weight-and age-adjusted nomogram) given after standard anticoagulant therapy in neonates with VTE.
Birth to <1 year (n = 8) The projected steady-state dabigatran trough concentrations were largely comparable to those observed in adult patients. 12 A linear PK/PD relationship was observed for ECT and dTT; nonlinear relationships were seen for aPTT; PK/PD relationships were comparable to those in adults and adolescents. The oral solution of DE was well tolerated.
aPTT, activated partial thromboplastin time; bid, twice daily; DE, dabigatran etexilate; dTT, diluted thrombin time; ECT, ecarin clotting time; PD, pharmacodynamics; PK, pharmacokinetics; VTE, venous thromboembolism.
review board/independent ethics committee review, and regulatory inspections will be performed to verify the accuracy of the data.
Patients will be randomized 2:1 to receive DE or SOC with LMWH or VKA. Randomization will be managed by Interactive Response
Technology. DE will be administered twice daily (bid) as capsules, pellets, or an oral liquid formulation depending on the age of the patient and their ability to swallow capsules or pellets. Capsules will be given to patients aged 8-18 years who are able to swallow capsules; pellets will be given to patients aged 6 months to <8 years (and those aged ≥8 to <12 years who are unable to swallow capsules); an oral liquid formulation will be administered to patients aged 0 to <6 months (and those aged 6 to <12 months who are unable to take pellets).
According to guidance from the US Food and Drug Administration (FDA), findings on drug efficacy may be extrapolated from adults to children if the course of a disease and the effects of a particular drug treatment are similar between the two populations. 22 Although differences exist in the pathophysiology of pediatric and adult VTE 9 the principal pathological causes outlined in the Virchow triad (vessel wall abnormality, blood flow disturbances, and coagulability of the blood) largely apply to both. PD data obtained from previous studies indicate that the response to dabigatran in children is similar to that seen in adults. 15, 17, 23, 24 Based on these similarities and in line with FDA guidelines, it was considered reasonable to assume that DE will be effective in pediatric patients.
It is generally accepted and recommended by regulatory agencies that pediatric dosing should lead to exposure comparable to that of adult levels, if a similar PK/PD relationship has been demonstrated. 25 Data from an in vitro study, previous phase II pediatric VTE studies of dabigatran, and a subsequent pooled analysis of pediatric PK/PD data, demonstrate that the PK/PD relationship observed in pediatric patients (from birth to <18 years old) was fairly consistent across ages, with the exception of those aged <1 month, and was similar to that seen in adults with VTE. 15, 17, 23, 24 Therefore, for the current study it was deemed appropriate to target dabigatran exposure levels shown to be effective in the adult population.
Age determines the renal function of a child, which is essential for the dosing of DE, and therefore the dosing in children differs from adult dosing. Whereas changes in renal function are physiological across the years of childhood, maturation of renal function is completed after adolescence allowing for simplified fixed dosing in healthy adults. Dosing based on Hayton's formula 19 accounts for the maturation of renal function across childhood, resulting in a more individualized dosing algorithm in children. As renal function in children and adolescents is relatively higher than in adults, dose estimations were based on a young adult patient (reference patient: 20 years old; 70 kg) whose renal function more closely resembled that of the target pediatric population. Hayton predicted a glomerular filtration rate of 136 mL/min for a 20-year-old patient of 70 kg body weight. 19 To achieve the median trough exposure as observed in a typical adult patient given dabigatran 150 mg bid, the 20-year-old reference patient would need to receive a dose of 300 mg bid. This dose and reference patient was used as the denominator to derive fractional dosages for pediatric patients according to a child's estimated renal function. PK simulations show that a bid dosing regimen with calculated doses (with a maximum 330 mg bid starting dose) reduces the probability of trough levels falling below 50 ng/mL and 25 ng/mL to approximately 18% and 3%, respectively, ie, exposure will be sufficient for the vast majority of patients.
Levels will be measured within the first week of dosing to potentially adjust the dose. All components of the coprimary safety and efficacy endpoints will be centrally adjudicated by an independent blinded committee.
All secondary endpoints and other assessments are listed in Table 3 .
Time periods, visits, and key assessments are shown in Table 4 . The trial aims to include a minimum of 180 patients who will be evaluable for the coprimary endpoints. Recruitment will be driven by opening new sites in additional countries, to ensure that the minimum number of patients are included. Study teams will also be encouraged to increase awareness of asymptomatic pediatric VTE.
.1 | SAMPLE S IZE R ATI ONALE AND ANALYS IS PL AN
The efficacy and safety coprimary endpoints will be tested for noninferiority using a noninferiority margin of 20% and 9%, respectively,
TA B L E 2 Inclusion and exclusion criteria

Inclusion criteria
Male or female subjects aged 0-<18 years with a one-sided level of 0.05. Sample size was justified for the efficacy coprimary endpoint. It is assumed that the proportion of patients with complete thrombus resolution and no recurrent VTE or VTE-related death on SOC at 3 months is 72%. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Given that complete thrombus resolution is expected to be very low (eg, 5% up to at most 20%) without treatment, a noninferiority margin of 20% for the efficacy coprimary endpoint is considered acceptable to preserve at least 62% and up to 70% of the effect size under SOC treatment.
For the coprimary efficacy endpoint, 180 patients will be evaluable in the intent-to-treat population, giving 89% power to demonstrate noninferiority with a margin of 20% at a one-sided significance level of 5%, assuming dabigatran and SOC have equivalent effect. If noninferiority is demonstrated, the coprimary endpoints will subsequently be tested for superiority at a one-sided level of 0.05, without multiplicity correction.
For the efficacy coprimary endpoint, an intent-to-treat analysis will be performed on the randomized set; data will be stratified by age group using a Mantel-Haenszel-type weighted average of differences. The safety coprimary endpoint will be analyzed as a time-to-event endpoint using the Kaplan-Meier method on the treated set; age group stratification will not be used.
A secondary analysis will be performed to assess the proportion of patients with complete thrombus resolution with no recurrent VTE and no VTE-related death using age group as a covariate. All bleeding events and all-cause mortality will be analyzed as a timeto-event endpoint using a stratified Cox proportional hazard model.
Components of the coprimary efficacy endpoint will be analyzed as proportions using the same model as the primary analysis. PK and PD assessments will include all treated patients with a baseline and at least one post-baseline PK/PD measurement set; concentrations will be compared descriptively and descriptive statistics will be calculated for the activated partial thromboplastin time, ecarin clotting time, and additional PD assays. In addition, the PK/PD relationship will be examined. Other endpoints will be summarized descriptively.
| DISCUSS ION
Effective treatment of thromboembolic events is important to prevent significant morbidity and mortality in children. VTE, for instance, can lead to death from pulmonary embolism, nonlethal pulmonary embolism, recurrent VTE, and post-thrombotic syndrome. 2,7 DE may provide an alternative treatment for pediatric VTE, overcoming the limitations of the current SOC, which include the requirement for coagulation monitoring (for VKA), variable PK, the risk of heparininduced thrombocytopenia (for UFH), and parenteral administration and dependency on antithrombin levels (for UFH and LMWH). 5, 6, 8 Although data on DE for the treatment of VTE are available from adult patients, studies are still required in pediatric patients due to differences in organ maturation, coagulation system, and dosing.
7,10
Ease of administration is particularly important for children, who are likely to object to injections and may not be willing or able to swallow capsules, leading to compliance issues. Currently, no licensed pediatric formulations of antithrombotic drugs are available. Therefore, the pellet and oral liquid formulations of DE used in the current study would provide much-needed child-friendly alternatives.
An objective of the current study is to evaluate the appropriateness of the proposed dosing algorithm. Should results confirm that it is appropriate, dabigatran levels may not need to be monitored in children in routine clinical practice. Preliminary findings from earlier phase IIa studies that assessed the PK and PD of single doses of DE administered as an oral liquid formulation in children aged 0 to <12 years indicated that the proposed dosing algorithm is appropriate and leads to comparable exposure between pediatric and adult patients, with moderate variability of plasma concentrations. 15, 17 In addition, the PK/PD relationships are similar between pediatric and adult VTE patients. 15, 17 The dosing nomogram is also being used in a phase III trial for the secondary prevention of VTE in pediatric patients aged 0 to <18 years (NCT02197416).
The current study is the result of an academic-industry partnership. Collaborations of this nature can provide mutual benefits to both parties, the pharmaceutical company gaining the knowledge of leading experts in a given field and benefitting from their first-hand experience of routine clinical practice, and the academic parties receiving funding and essential resources to conduct clinical trials.
Collaborative efforts between industry and academia are needed for the implementation of high-quality, well-designed, adequately powered trials, which have previously been lacking in children with VTE, who have historically received treatment based on low-quality evidence extrapolated from adult practice. 41 Having a clear administrative structure (eg, with a steering committee and a data monitoring committee), like the one outlined for the current study, ensures the appropriateness of clinical research conduct for such collaborations.
There are several issues in designing and conducting trials of antithrombotic therapy in children. First, dosing must be adapted to the pediatric population, taking into account developmental changes in the hemostatic system and an individual child's weight (or weight and age). 41 As previously discussed, the dosing strategy in the current study has been carefully considered and is expected to result in safe and effective DE doses. Another major challenge in conducting large anticoagulant trials in children is the low frequency of pediatric VTE. 41 For example, slow recruitment was the reason for early termination of two previous pediatric antithrombotic trials, PROphylaxis of ThromboEmbolism in Kids Trial (PROTEKT) and REVIparin in Venous ThromboEmbolism (REVIVE). 42 In both studies, the final sample size was not sufficient to achieve the anticipated power. 42 The target enrollment count of 180 patients in the current study is considered to be achievable which cannot be justified in pediatric subjects. In addition, a specific comparator is not being used, making comparisons more difficult; however, the choice of an SOC treatment according to local practice is considered to reflect the real-world situation well. Another consideration is the relatively small sample size, although it is considered to be sufficient to provide conclusive information regarding efficacy (VTE resolution and recurrent VTE events), based on the complete resolution rate determined from historical pediatric data. Lastly, the 4-month study period is not sufficient to evaluate the study drugs' effects on prevention of long-term complications of DVT, such as post-thrombotic syndrome, which usually takes at least 1 year to develop following the DVT event.
In conclusion, findings from the current study, which is one of the largest for VTE in pediatric patients, will provide valuable information regarding the efficacy and safety of DE for this indication in this patient population.
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